Pore magnetic fabric is a well-established technique for the determination of pore elongation and preferred directions for migration of the interstitial fluids. This study further exemplify this technique on a set of the Nubia sandstones through a comparison with the pore anisotropy obtained from measuring permeability in three orthogonal directions in a gaz permeameter. The Nubia sandstones are represented in Tushka area (South Egypt) by quartz arenite of large porosity (29-40 per cent) which was measured on thin sections parallel and perpendicular to the bedding plane and petrophysically by helium pycnometry and ferrofluid injection at 1 bar pressure.
. Location map of the studied Nubia Sandstone sections in Tushka area, south of Egypt (modified from EGPC-CONOCO 1987; Thabit 1994). This target might be achieved by measuring the pore magnetic fabric of the studied rocks (Pfleiderer & Halls 1993; Durrast & Siegesmund 1999; Benson et al. 2003) .
The spatial variation in the magnitude of the magnetic susceptibility with the different orientations of the rock is defined as the Anisotropy of Magnetic Susceptibility, AMS (Ising 1942) . This property reflects the preferred orientation of magnetic minerals in rocks, that is, their magnetic fabrics. Such magnetic fabric has been found in full agreement with the petrofabric (Rathor 1975; Wood et al. 1976; Rochette et al. 1992; Tarling & Hrouda 1993) .
Since AMS measurements constitute a second rank tensor, a magnetic anisotropy triaxial ellipsoid can be constructed; its orientation is described by χ 1 ≥ χ 2 ≥ χ 3 which are its principal maximum, intermediate and minimum axes, respectively. Due to measurement speed, precision, low cost and range of applicability, AMS can be used adequately in petrofabric and structural studies (Hrouda 1982; Tarling & Hrouda 1993) .
The AMS has been in particular used in the investigation of palaeocurrent in sedimentation basins, where relationships between the directions of principal susceptibility axes and sedimentary structures have been found in a good agreement (Hamilton & Rees 1970a,b) .
According to Pfleiderer & Kissel (1994) , variations of pore orientation, pore shape, porosity and permeability can be determined using magnetic pore fabric analysis. It is a technique developed for the study of 3-D orientation and shape anisotropy of connected pore spaces (Pfleiderer & Halls 1990 , 1994 Pfleiderer & Kissel 1994; Hrouda et al. 2000; Benson et al. 2003; Benson 2004) . These pores are injected with a magnetic suspension (ferrofluid) then measured for 'AMS' of pore spaces. Like grain fabric, maximum susceptibility will be parallel to the preferred direction of pore elongation. Any anisotropic shape of pore bodies will also cause anisotropy of magnetic susceptibility which in turn, helps in assessing the average shape and statistical alignment of pores (Pfleiderer & Halls 1993 , 1994 . The magnetic pore fabric technique is adapted to study sufficiently permeable rocks, that is, with permeability K > 10 −3 darcy (Pfleiderer & Halls 1990) .
On the other side, porosity (Ø) is a ubiquitous feature of sedimentary rocks; it is defined as 'the percentage of pore volume to the total volume of the sample'. It originated from the fact that at the time of deposition the detrital grains are in tangential contact, leaving large empty volumes. As a result of precipitation and filling of the pore spaces and other diagenetic changes, porosity may be enhanced or decreased during geological history.
Laboratory experiments reveal that the major parameters enhancing porosity are dissolution and leaching of cement, fracturing and weathering, volume changes and recrystallization, as well as grain sorting, roundness and sphericity. In contrast, porosity is decreased by cementation and precipitation from hydrothermal solutions, the type, amount and distribution of the authigenic clay content, metamorphism, as well as orientation, packing and compaction with depth (Ragab et al. 2000) . Porosity that evolves from the superposition of these processes exhibits a complex geometry and fabric. This is important, since the void space of rock and its geometry is a key control on other mechanical and physical properties, for example, Lo et al. (1986) , Jones & Meredith (1998) , Rasolofosaon & Zinszner (2002) , Benson (2004) , Benson et al. (2005) , Louis et al. (2005) and Jones et al. (2006) .
According to Levorsen (1967) , porosity of reservoir rocks have been classified into: (1) negligible (Ø ≤ 5 per cent), (2) poor (5 < Ø ≤ 10 per cent), (3) fair (10 < Ø ≤ 15 per cent), (4) good (15 < Ø ≤ 20 per cent) and (5) very good (20 < Ø ≤ 25 per cent).
Increasing the volume of the contained pore spaces (porosity) decreases values of the bulk density, which is controlled mainly by the mineralogical composition as well as by the pore spaces of rocks.
Permeability is mostly defined as 'the ability of the porous rocks to transmit fluids under certain pressure gradient', it is measured in darcy or m 2 (Pettijohn 1984) . According to Pettijohn, permeability of consolidated rocks, is mostly influenced by: (1) the amount of the swelling clays; (2) the ability of the rock to retain the pore water in situ as irreducible water (Sw irr ); (3) channel diameter; (4) wettability; (5) porosity type and (6) tortuosity and complexity of channels (T).
According to Levorsen (1967) , sedimentary reservoirs have been classified according to their permeability as: (1) fair (1 < K ≤ 10 md), (2) good (10 < K ≤ 100 md) and (3) very good (100 < K ≤ 1000 md).
S A M P L I N G A N D M E A S U R I N G P RO C E D U R E S
Sampling has been carried out in 4 sites, the Adindan type section, the Abu Simbil type sections (two composite sections), the Abu Ballas section (on the Abu Simbil-Tushka way) and Kesieba section along Drab El Arbein-Tushka way (Fig. 1) . To reveal the mineralogical composition and to estimate the porosity values in 2-D and its types, a total of 86 fresh and nonweathered samples were collected in a representative sequence for the different lithological varieties (12 for Adindan Formation, 30 for Abu Simbil Formation, 38 for Abu Ballas Formation and 6 for Kesieba Formation). Then, for each sample two thin sections were prepared in two orthogonal directions, perpendicular and parallel to the bedding plane.
Impregnation with blue dye and staining with Alizarin Red-S were carried out for the thin sections to evaluate the present porosity and to differentiate the carbonates into dolomite and calcite minerals, respectively, using Dickson's technique (1966) . Thin sections were studied for mineralogical analysis using polarized microscope and point counter to evaluate the percentage of the different components.
In addition, 5 fresh non-weathered samples were representatively selected out of these samples and coated with a thin layer of carbon and examined using the Scanning Electron Microscope (SEM). The SEM technique was applied to study and identify in details the types of pore spaces, the different mineralogical relationships, and types of clay minerals and their effect on the petrophysical properties.
Further 19 representative fresh block samples (neither weathered nor fractured) were collected from different lithologies and sequences ( Fig. 2) and oriented in the field according to the bedding plane and to the magnetic north for the purpose of magnetic and petrophysical studies. Six to seven cylindrical samples per block were drilled vertically into 25 mm diameter by 22 mm length conforming the standard sample length/diameter ratio of 0.88 required for the AMS and pore fabric measurements (Banerjee & Stacey 1967; Noltimier 1971) . A total of 125 core samples were then obtained for measuring the grain and pore AMS.
Due to the very low magnetic susceptibility of the studied samples, close to the noise level of the used bridge, measuring the anisotropy of magnetic grain susceptibility for the present samples was conducted using the Multi Functions Kappabridge (MFK1-FA). The bridge measures magnetic susceptibility along the 'z'-axis with a sensitivity of 10 −8 SI units. Samples were sequentially rotated into 3 orthogonal orientations, with a measurement made in each orientation. Then the AMS ellipsoid could be characterized by its three principal magnetic susceptibility values (χ 1 , χ 2 , χ 3 ) and their orientation (declination and inclination values).
Following the recommendations of Ellwood et al. (1988) and Tarling and Hrouda (1993) , the following set of parameters were used to define 'AMS' ellipsoid of rocks under study: Stacey et al. 1960 )
The primary magnetic fabric parameters fall within specific ranges, such as 0.06 < q < 0.69 and the 'imbrication angle', the angle between horizontal and the plane of maximum-intermediate susceptibility, is less than 20
• (Rees 1966; Crimes & Oldershaw 1967; Hamilton & Rees 1970a, b; Rees & Woodball 1975) . q-values outside these ranges can generally be attributed to coring disturbances, bioturbation and deformation. In addition, the depositional magnetic fabrics of most subaqueously deposited sediments are characterized by oblate susceptibility ellipsoids; therefore T, the shape parameter (Jelinek 1981) , is strongly positive, usually approaching 1.0. When the value of T-parameter is negative (-1 < T ≤ 0), it indicates tensional deformation giving rise to prolate ellipsoid.
In a trial to have more information about the magnetic carriers within these block samples, five samples were selected representing the studied formations and to determine their hysteresis properties using the MicroMag VSM in 1 Tesla maximum field.
Porosity (Ø) of the dry core-shaped samples was measured successively by two saturation methods using two fluids: (1) helium injection at 1.2 bar pressure using a helium pycnometer and (2) ferrofluid injection at 1 bar pressure using evacuation.
The bulk volume (V b ) and dry weight of 19 selected core samples (W d ) were measured using a precision caliper (0.1 mm precision) and an electronic balance (0.1 mg precision), whereas the grain volume (V g ) of the samples was measured using the helium pycnometer, and the following equation:
where, P 1 and P 2 are the injection pressures and the relaxation pressure, respectively. Three measurements were carried out for each sample and the final arithmetic mean was then calculated. The V g is then substituted in the following equation:
Then after measuring the porosity using helium injection, the same 19 samples were evacuated using an evacuation chamber down to -1 bar (-101 kPa) and injected by a ferrofluid of density ρ Fe = 0.895 g cm -3 . The ferrofluid or magnetic fluid is a stable colloidal solution of superparamagnetic magnetite nanoparticles (1-10 nm range) suspended in a solvent. Each particle is covered by insulating material to avoid coagulation of particles. The fluid behaved as a strongly magnetic homogeneous and isotropic media under the action of the magnetic field. Therefore, its magnetic anisotropy will directly reflect the shape of the injected pore spaces.
In order to avoid overloading sensitive susceptibility bridges, it is common practice to use diluted ferrofluid when studying high porosity rocks (e.g. Benson et al. 2003; Benson 2004) . On the other side, Jones et al. (2006) approved a concentration threshold at approximately 50 per cent concentration below which the equivalent pore concept (EPC) method of Hrouda et al. (2000) ceases to work reliably. Hence, we used a 50 per cent ferrofluid concentration for the present AMS studies.
The ferrofluid-injected samples were weighed again in the saturation state (W s ) and their ferrofluid porosity (Ø Fe ) was then calculated using the following equation.
Pore space-anisotropy of magnetic susceptibility (pAMS) for the present samples was then measured using the Kappabridge (KlY-2) magnetic susceptibility bridge. Samples susceptibility was measured in 15 different orientations. A least-square routine was then applied to fit a magnetic susceptibility ellipsoid to the data (Jelinek 1978) . Further additional 57 representative core samples were machined from the 19 block samples (3 samples/block) for permeability measurements. Since permeability measurements do not provide a second rank tensor, so the core samples were drilled in orthogonal directions (one sample taken vertical to the bedding plane, whereas the other two samples were drilled along the NE and NW directions within the bedding plane, Fig. 2 ). The choice of NE and NW directions were determined by the present magnetic pore fabric results. The length (L) the cross sectional area (A) of the core samples were measured using a caliper. Permeability measurement was conducted using a Ruska Gas permeameter; the core sample was introduced into a Hasler type core holder with the outer frame sealed to prevent bypass using pressure of 27.58 bar (400 psi). Dry nitrogen of viscosity μ was injected through the sample at a constant pressure. Taken into consideration the atmospheric pressure (P a ), the pressure difference between both sides of the sample (where P 1 is the upstream pressure and P 2 is the downstream pressure) and the flow rate (Q), permeability was then calculated using the following equation.
L I T H O S T R AT I G R A P H Y A N D M I N E R A L O G I C A L C O M P O S I T I O N
The Nubia sandstones in their type sections in south Egypt have been studied by many authors, for example, Said (1962) , Issawi (1973 Issawi ( , 1978 , Issawi & Jux (1982) , Klitzsch (1979) , Hermina et al. (1989) , Hendriks (1988) , Issawi & Osman (1993) and Thabit (1994) . From the field observations and taking into consideration the previous studies, the Nubia sandstones in their type sections and localities in southwest Egypt between latitudes 22
• 00 and 22
• 45 N and longitudes 30
• 45 and 31
• 45 (Fig. 1) Due to the significant deformation occurring after deposition of Sabayia Formation, it has been largely eroded in the studied area. Therefore, Sabayia Formation was not included in this study. From the field studies a composite lithostratigraphic column has been sketched for the studied Nubian formations (Fig. 3) .
The Nubia sandstones have a more or less similar and homogeneous lithological composition through the entire sections in their type sections in Tushka. They show relatively little variation in depositional environment frequently accompanied with deposition of some oolitic ironstone beds at the top of each cycle of deposition ( Fig. 4A ) and some times filling joints and fractures. They are affected by many sets of joints and fractures (Fig. 4B) , which may be attributed to tectonic events or to the arid weather. Several studies have dealt with the structural setting of Tushka area, for example, Mousa (1984) , Thabit (1994) and ElSorady & Abdallah (2001) .
According to Thabit (1994) , the normal faults are the main structural features observed in the Tushka area; he arranged the observed faults in decreasing order of abundance as follows: Petrographically, the Nubia sandstones are similar in composition through the different formations; they are composed of ill sorted, fine to coarse and rounded to angular quartz grains cemented together by silica cement, mostly represented as gravity/meniscus cement. Rare relics of calcite and sometimes fossil remains were noticed in Abu Ballas and Kesieba formations probably indicating that primary cement has been leached during diagenesis. The silica cement could be assigned as gravity cement and/or filling vuggy porosity. Cementation by silica was not sufficient to obliterate the high storage capacity of the present rocks, and just attached the grains together, sometimes slightly reducing porosity values. Some iron oxides, mostly as pigments (<5 per cent, Fig. 4C ) and clay content (<5 per cent) are disseminated within the cement, partially filling and lining the pore spaces and sometimes cementing the quartz grains together (Fig. 4D ).
The diagenetic history of the present sandstones seems to be complex and mostly obliterated. Cementation by silica is the most common feature; it is not uniform through the vertical and horizontal petrographical sections. Therefore, determination and comparison of porosity values in both the perpendicular and parallel directions to the bedding plane gave a detectable pore fabric's anisotropy. Porosity-decreasing diagenetic processes are mostly represented by compaction and pressure solution which have acted for a long time. However, the very good to excellent porosity values indicate that these processes were not efficient or compensated by the subsequent periods of dissolution and leaching out. The compaction and pressure solutions could be indicated by fractured quartz grains, sometimes internally deformed, with wavy extinction. The quartz grains are mostly in point contact, and sometimes in suture or concaveconvex contact position (Fig. 4E) .
On the other side, dissolution and leaching out are the main porosity-enhancing diagenetic factors giving rise to excellent porosity ( Fig. 4F ) and permeable paths for pore fluid movement. Following Levorsen's classification (1967) , macro porosity measured on thin sections of the Nubia sandstones are ranked as good to very good. It varies between 20 and 35 per cent in the horizontal direction and between 15 and 25 per cent in the vertical direction indicating inhomogeneity in distribution of pore spaces. The pore spaces of the Nubia sandstone samples could be separated into: (1) intergranular porosity ( Fig. 4D ), (2) vuggy porosity ( Fig. 4F ), (3) fracture and intragranular porosity ( Fig. 4E ) and (4) matrix porosity, masked by the iron oxides (Fig. 4C) .
Petrographically, investigation of pore fabric is not frequently applied, even though it may match the potential macro pores accessible by the economic fluids. Comparing the porosity values in both vertical (Ø V ) and horizontal (Ø H ) directions may introduce an over all view for the porosity anisotropy (λ p ) in these directions. By using the following equation, it was revealed that porosity anisotropy (λ p ) is ranging between 1.15 and 1.83 with average values equal to 1.30 for Adindan Formation, 1.52 for Abu Simbil, 1.20 for Abu Ballas Formation and 1.50 for Kesieba Formation.
The obtained anisotropy values could be attributed mainly to the load pressure. Nevertheless, it is worth mentioning that, even though this petrographical tool can introduce an over all view on the anisotropy of pore space distribution in 2-D, it is unable to estimate the matrix/micro pores which may sometimes form more than 20 per cent percent of the total pore spaces. Moreover, the chaotic distribution of iron oxides and authigenic clay content in the pore spaces increase the inability of this tool to introduce a real estimation for the total pore spaces. From the SEM studies, it could be stated that the clay content in the Nubia sandstone formations is represented mainly by authigenic kaolinite booklets filling the pore spaces ( Fig. 4G) , whereas the present iron oxide minerals are represented by hematite and sometimes goethite. The iron oxides exhibit filament rose-and sea star-like structures (Figs 4G and H:) .
Following Ketzer et al. (2005) , the kaolinite booklets of the Nubia sandstones have been formed in situ by diagenetic alteration of a probably smectitic precursor, which was mechanically infiltrated in the vadoze zone.
According to du Bernard & Carrio-Schaffhauser (2003) , the occurrence of this type of clay cementation during early diagenesis can prevent or delay deep burial diagenetic processes and therefore preserve excellent reservoir properties.
M A G N E T I C G R A I N FA B R I C S ( P R E -I N J E C T I O N )
The studied sandstone samples showed rather similar magnetic grain fabrics through the whole sandstone sequence. With the exception of few sites, the original pre-injection magnetic susceptibility values are low to very low and homogeneous (Table 1 ). The combination of very low diamagnetic and para-or ferromagnetic susceptibilities may lead to inconsistent AMS ratios. This is clearly demonstrated by the largest anisotropy ratio are observed for the weakest mean susceptibility values. Therefore, we used the corrections proposed by Rochette (1987) and Rochette et al. (1992) for the diamagnetic susceptibility value as follows.
where χ 2 = (3 × χ m )/(L mag + 1 + 1/F mag ) and
where χ m is the mean susceptibility values, L mag is the corrected magnetic lineation, F mag is the corrected magnetic foliation whereas P mag is the corrected magnetic anisotropy (Rochette 1987; Rochette et al. 1992, Fig. 5) .
These corrections were proposed mainly for the magnetic susceptibility inducted from the quartz grains, which is the main component of Nubia sandstone samples. Such correction gave rise to more homogeneous data, particularly for the P and T values. Both the original uncorrected and the corrected grain fabric data are listed in Table 1 .
The measured magnetic susceptibility, χ , ranges from 0.72 to 22.5 × 10 −5 SI with the corrected anisotropy degree, P mag , varies from 1.019 to 1.096, L mag from 1.002 to 1.027 and F mag from 1.014 to 1.083 (Fig. 5) . T-values indicate mostly planar fabrics, ranging between −0.313 (only three sites showed negative values) and 0.839, with P for most sites being less than 1.05 (Fig. 6 ). On the other side, q-values vary from 0.101 to 0.988 with average 0.377, within the range of primary fabrics.
Hence, the studied AMS grain fabric mostly have magnetic anisotropy less than 5 per cent, positive T-values and q-values less than 0.69 indicating depositional foliated and primary fabrics which could be attributed to depositional currents. From the petrographical studies and the field observations, these fabrics could be attributed Table 1 . Pre-injection magnetic grain fabric data for the studied Cretaceous Nubia sandstones. also to post diagenetic iron oxides-bearing hydrothermal activities invaded the Nubia sandstones. The invaded hydrothermal solutions dissolved and injected some iron oxides into the pore spaces as a diagenetic component, stained the quartz grains and mostly led to dissolution of feldspars and quartz grains leaving behind skeletons of exhausted quartz and some authigenic clay content (Figs 4G and H:) . Although some hand samples are brownish-coloured and accumulations of some iron oxides could be noticed petrographically, the studied samples have very low to low magnetic susceptibility indicating a staining by hematite in the studied samples rather than accumulation of important volume of iron oxide. The plot of stratigraphic height against the corrected magnetic lineation, foliation and the magnetic anisotropy (Fig. 7) , shows a similarity between curves of both the magnetic foliation and anisotropy, but no comparable relation with the magnetic lineation. There are no systematic changes of the magnetic fabric parameters with increasing height. This plot together with the X -Y plot of F mag -P mag ensures that the magnetic foliation is the main contributor to the magnetic anisotropy. In other words, the compaction due to the load pressure was not enough for controlling the obtained magnetic anisotropy; it was only the continuous injection by hydrothermal solution.
The corrected pre-injection maximum, intermediate and minimum grain magnetic susceptibility directions were plotted on the equal area lower hemisphere stereographic plots as in Fig. 8 . It shows well-grouped vertical minimum susceptibility axes and a more or less consistency of the maximum susceptibility directions for the Adindan Formation along the NE-SW direction, which may be used as an indication of fluvial deposition through a palaeocurrent flowing mostly in this direction (Fig. 8A) .
Plotting χ directions for both Abu Simbil and Abu Ballas formations, show similar behaviour ( Figs 8B and C,) . Both show a good distribution of the maximum and intermediate magnetic susceptibility directions along the bedding plane with imbrication angle ≤20
• and clustering of χ min that were slightly deviated and elongated in the NW-SE direction, indicating a palaeocurrent has flowed in the NE-SW direction perpendicular to the deviated χ min clustered directions. This deviation is due to the deposition by palaeocurrent of relatively high speed causing rolling the grains in the NW-SE direction.
Upwards at the top of the studied section, Kesieba Formation (Campanian-Maastrichtian) shows a return into the relatively quiet palaeocurrent conditions prevailing at the base of the Nubia sandstones with again a good clustering of χ min around the vertical axis and scattering the maximum susceptibility directions along the bedding plane (Fig. 8D) . The distribution of the magnetic susceptibility directions indicates the same palaeocurrent direction, NE-SW, stated for Adindan Formation. The imbrication angles for the different plots (≤20
• ) indicate a more or less horizontally and non-tilted fabrics through the entire sequence of the studied Nubia sandstone (Fig. 8) , which reveals a gentle slope fluvial to deltaic regional system. Therefore, it could be concluded that a regional palaeocurrent flowing mostly in the NE direction was responsible for deposition of the Nubia sandstone formations in Tushka area; this palaeocurrent had a more or less gentle slope, may be due to deposition into a delta system. In addition, the relatively higher speed of the palaeocurrents prevailed during the deposition of both Abu Simbil and Abu Ballas formations may indicate a sea regression phase during this period.
Finally, the magnetic carriers of the magnetic grain fabrics of the Nubia Sandstones were determined in five selected samples by hysteresis measurements. The low and high field magnetic susceptibility values reveal that the magnetic susceptibility is mainly carried by the ferromagnetic grains, which therefore likely dominate also magnetic anisotropy. High field susceptibility is diamagnetic (quartz) in two samples and paramagnetic (clays and goethite) for the other level in Abu Simbil samples. The hysteresis parameters after high field slope correction points clearly to hematite or goethite: M rs /M s ranges from 0.35 to 0.75, B cr /B c from 1.3 to 6.1 with B cr from 185 to 556 mT. Then "saturation" remanence (in 3 Teslas) was demagnetized firstly at 120
• C, then at 120 mT. It clearly points to goethite-hematite mixture in Adindan Formation, dominant hematite in Abu Simbil samples and dominant goethite in the Abu Ballas-Kesieba sequence.
P O R E N E T W O R K FA B R I C S ( P O S T -I N J E C T I O N )
A number of techniques have been proposed that aim directly to measure pore space geometry. In this study, we tend to approach the investigation of the void geometry in two different but interlinked methods; magnetic and petrophysical pore fabric techniques.
The helium porosity (Ø He ) of the studied samples varies between 25.8 and 40.8 per cent with an average of 33.5 per cent (Table 2) . Then, later to the injection process, the ferrofluid porosity (Ø Fe ) was determined; it varies between 19.8 and 34.5 per cent of average 26.7 per cent.
The measured Ø He values were plotted versus the measured Ø Fe (Fig. 9) ; it indicates a good direct proportional relationship between both data. This relationship could be expressed in a linear equation as follows.
∅ Fe = 0.90∅ He − 3.53 (r = 0.80).
On the other side, the mean bulk density values could be related to the helium porosity values measured (r ≥ −0.77) rather than that measured by ferrofluid injection (r ≤ −0.69, Fig. 10 ).
Ferrofluid injection In a trial to follow up the changes in bulk density and porosity against height, bulk density and porosity values measured by the different techniques at the low and high-pressure injections were plotted against height (Fig. 11) . Both the density and porosity curves show a good correlation with height. Porosity values decrease upward, whereas the density increases upward in a cyclic behaviour between the formations. In addition, there is image mirror behaviour between the plot of the bulk density and the measured porosity values indicating main contribution of the bulk density by the pore spaces. Although the measured porosity data is correlative in the low and high-pressure conditions, a detectable difference between the vertical tracing of both types was detected (7-15 per cent) particularly at the lower and top parts. So a question that could be raised is: why there is a difference between the two determined porosity values for the same rock sample? The main reason is the presence of micro pore throats of diameter less than that of the ferrofluid suspension, so the ferrofluid molecules cannot pass through and a number of dead pores will be raised. The fact that helium injection better measures the total porosity is reflected by its better correlation with bulk density.
The post-injection magnetic susceptibility/magnetic permeability values are relatively high to very high, and vary from 7.53 to 13.1 × 10 −2 SI of average 10.4 × 10 −2 (Table 2 ). These high χ pore values could be attributed to the very high porosity values, that is, much more invasions by the ferrofluid through the pore spaces. Both porosity data were then plotted versus the raised post-injection magnetic susceptibility, χ pore (Fig. 12) . As it is expected, the relationship between the ferrofluid porosity and χ pore is more reliable than that with the Ø He . Two empirical equations were introduced presenting the Ø-χ pore relationship as follows. In a similarity to the pre-injection case, the data plot against height indicates a better match between the χ pore and Ø Fe rather than that with Ø He (Fig. 11) . The presence of a good similarity between χ pore , Ø He and Ø Fe logs in the height range of 80-200 m (Abu Simbil-Abu Ballas sequence) indicates homogeneity in distribution of the micro pore throats, which are not accessible to the injected ferrofluid.
The post-injection anisotropy degree (P mag ) varies from 1.017 to 1.036, L mag varies from 1.002 to 1.010 and F mag from 1.013 to 1.034. These values are relatively lower than that assigned for the pre-injection magnetic grain fabric, but have more reliability due to the relatively high to very high post-injection χ pore .
Similar to the magnetic grain fabric, the magnetic anisotropy of the Nubia sandstones is strongly planar (Fig. 13) . T varies between 0.42 and 0.87 with no (Fig. 14) , indicating predominance of the foliated pore fabrics. In addition, q-values vary from 0.069 to 0.344 with average 0.147, which is diagnostic for primary fabrics.
Plotting the magnetic lineation, foliation and magnetic anisotropy against height, shows a typical similarity between both curves of the magnetic foliation and anisotropy, with no contribution to the magnetic lineation (Fig. 15) . This plotting together the X -Y plot of F mag -P mag relationship ensures that the magnetic pore foliation is the main contributor of the pore magnetic anisotropy. The compaction due to the load pressure was not strong enough to control the foliation of these pores.
The equal area lower hemisphere stereographic plots of the postinjection maximum and minimum magnetic pore susceptibility directions are shown in Fig. 8 . It shows a better clustering of the minimum axes around the vertical axis than the pre-injection magnetic grain fabric and less scattering of the maximum pore elongation through the bedding plane. Adindan Formation at the base of the Nubia sandstones shows pore elongation swinging around the NNW direction (Fig. 8A) . The pore fabric elongation of Abu Simbil shows more scattering through the NW, NE and SE direction with main direction referring to the NE one (Fig. 8B) .
Plotting the principal χ pore axes for Abu Ballas Formation (Aptian-Albian), shows a case different from the lower two formations. The pore elongation is mainly clustered around the East direction, which is one of the main fault trends in Tushka area as revealed by many authors, for example, Issawi (1978) , Mousa (1984) , Thabit (1994) and El-Sorady & Abdallah (2001) . So, it is believed that the magnetic permeability (pore elongation) of Abu Ballas Formation follows the main fault trend in the study area to the E-W (Fig. 8C) . The pore fabric elongation through Kesieba Formation at the top of the Nubia sequence is similar to that obtained for Adindan Formation at the base; it varies around the NNW direction (Fig. 8D) .
After measuring the magnetic pore fabric we cored the block samples again in three orthogonal directions, one vertical Notes: χ pore , post-injection magnetic permeability × 10 −2 SI units; ρ b , the bulk density in g cm -3; Ø He , porosity measured by helium injection; and Ø Fe , porosity measured by ferrofluid injection. Other denotations as in Table 1 . and one along the average pore elongation for permeability measurements. According to Levorsen's (1967) classification for permeable reservoir rocks, the permeability values of the Nubia sandstones correspond to very good permeable rocks varying from 109 to 7750 mD (Table 3 ). The measured bulk permeability values (K b ) could be correlated to the helium porosity values (Fig. 16) better than with the ferrofluid porosity values. This highlights the role of some micro permeable pore spaces.
Log K b = 9.44∅ He − 11.37 (r = 0.77).
The given empirical equation, nevertheless, only satisfies the permeability-porosity relationship for the Abu Simbil and Abu Ballas samples which indicates chaotic distribution of the micro pore spaces and pore throats in both Adindan and Kesieba samples.
The mean permeability values were plotted against height in Fig. 11 . K-values could be correlated with height, where it decreases upward, in a cyclic behaviour between the formations with the highest values in top most parts of Abu Ballas Formation, which may be attributed to some structural control factors in this formation.
Due to increasing the compaction and load pressure effect with the geologic times, the vertical permeability values are expected to be lower than that measured for samples cored in the bedding plane direction. Some samples (Ad 3, Am2, Abs 3, Abs 4 and Abs 6) have vertical permeability values higher than the horizontal permeability (Table 3) , which could be attributed to fracture permeable porosity dominated in the vertical direction.
Permeability values for both Adindan and Kesieba samples are mostly higher in the NW-SE direction, whereas for Abu Simbil samples are higher in the NE-SW direction, which is in consistent with the pre-measured magnetic data.
The measured values for Abu Ballas refer to a direction swinging between NE-SW and NW-SE as a main flow direction for half the samples, whereas the other samples have the highest permeability in the vertical direction, that is, indicate presence of some permeable fractures. On the other side, the magnetic pore fabric data of Abu Ballas Formation refers to a pore elongation extended in the E-W direction. From the structural studies, Abu Ballas Formation has suffered many structural events separated it from the underlying Abu Simbil Formation and caused the removal of the overlying Sabayia Formation from most places in Tushka area and brought the Kesieba Formation in disconformity position against it.
Following Nabawy and El-Hariri (2008), measuring permeability in three orthogonal directions enabled us to match the pore spaces in the 3-D, that is, to define their anisotropy, elongation and foliation. Achieving this target, we tend to use the following terms in this study.
'Petrophysical pore elongation' (E pet ) characterizes the most preferred direction for interstitial fluid migration and could be defined as 'the ratio between the maximum and the intermediate permeability values'.
'Petrophysical pore foliation' (F pet ), on the other side, is a term used to characterize the plane perpendicular to the flow direction, it is 'the ratio between the intermediate and minimum permeability values'.
The current flow within the rock body in the 3-D is controlled mainly by the pore elongation and foliation which in turn are controlled by the pore throat distribution and its complexity, by tortuosity of the pore channels and by the presence of swelling authigenic clay minerals. This may reveal the pore phase distribution in the 3-D, that is, the 'petrophysical pore fabric'. It is a term refers to 'the pore distribution and pore anisotropy (λ pet ) in the 3-D, it is a resultant vector of the pore elongation and foliation'.
The petrophysical pore anisotropy is a real measure for the easiness of transmission fluids in the flow paths in the 3-D. The measured petrophysical pore elongation, foliation and anisotropy are listed in Table 3 . To avoid pseudo presentation of these relations and having unrepresentative empirical equations, some anomalously high anisotropy values were excluded away from the processing, for example, Am 6, Abs 5 and Ks 3. Therefore, the Nubia sandstone pore spaces have anisotropy values mostly vary from 1.06 to 1.80, pore foliation varies from 1.04 to 2.06 and the pore elongation varies from 1.02 to 1.61 (Table 3) . Anisotropy of pore spaces (λ pet ) is mainly contributed by the pore foliation rather than the pore elongation (Fig. 17) . From this study, some empirical equations could be used to calculate the anisotropy of pore spaces in terms of their elongation and foliation as follows.
The anisotropy values of the measured permeability were plotted against the height Fig. 15 . Comparing the permeability anisotropy parameters indicate that the petrophysical pore anisotropy is mostly attributed to the pore foliation rather than pore elongation, particularly through the Abu Simbil and Abu Ballas sequence.
G E N E R A L D I S C U S S I O N
The initial magnetic susceptibility of the Nubia sandstones is low to very low and mainly carried by diamagnetic (quartz) and antiferromagnetic minerals (hematite and goethite; Figs 4G and H:). These magnetic carriers were detected by studying the hysteretic loops of the studied samples. High field susceptibility is diamagnetic (indi- cating quartz) for most samples, whereas the hysteresis parameter with very high co-ercivity points clearly to hematite or goethite. The ferrofluid injection process was very reliable due to the excellent porosity and permeability values of the Nubia sandstones. The average bulk magnetic susceptibility increased from 5.56 × 10 −5 to 10.44 × 10 −2 SI units, which in turns led to more consistent and reliable anisotropy data. Unexpectedly, an absolute angle >60
• is observed between the declination of χ 1 -pore and χ 1 -grain for half of the samples, whereas the others have angles in the range 30-60
• , with the exception of two sites still have nearly the same directions for the pore and grain maximum susceptibility, Ad 3 and Ks 3 (Fig. 18 ). This gave rise to one question: do the grain and pore lineations have different origins?
However, it seems that the grain fabric originates mainly from palaeocurrents flowing in the NE-SW and NNE-SSW directions, whereas the pore fabric seems to be controlled by later groundwater flow in a direction roughly perpendicular from the palaeocurrents responsible for the deposition. These palaeoflows are thought to be responsible for rebuilding the original pore space network into the present directions. This later groundwater migration was responsible for dissolution and reprecipitation of the oolitic ironstone into the vertical joints and fractures. These dominant joints are thought to postdate the deposition of Abu Ballas and Sabayia formations which are separated from the underlying Abu Simbil and the overlying Kesieba Formation by two main faulting processes.
These deposits were studied by many authors, for example, Haase (1993) , Germann et al. (1987 ), Fischer (1989 and Mücke (2000) , etc. They assigned an age of upper Cretaceous (ConiacianSantonian), prior to the deposition of Kesieba Formation.
Mücke (2000) proposed that ferruginization is the consequence of descending meteoric waters that caused dissolution, migration and precipitation of various elements depending on the prevailing Eh/pH conditions. Ferruginization advanced through the permeable rock in a roll front-like manner completely or partially affecting the deposit from the top to the base. The pH of these solutions were suitable to attack and dissolve the outer rims of the quartz grains giving rise to skeletons of quartz and therefore were able to deviate the original direction of the pore network. The recharge areas of these meteoric waters are thought to be in the SSW of Tushka area and then flowed following the main relief of Sabayia Formation to the N direction. Another cycle of flowing meteoric water is thought to postdate the deposition of Kesieba Formation and had the main trend of the first flowing cycle to the NNW.
Finally, we note that one site at the top of Adindan Formation and another one at the top of Kesieba Formation still retains the direction of the original depositional palaeocurrents. This could be explained by the fact that the invading diagenetic solutions failed to weaken, dissolve and to reorient the main trend of the grain skeleton of these sites and therefore failed to shift the original pore space net directions. Samples from these sites are characterized by relatively high hardness, less matrix dissolution and preservation of the quartz grains.
The imbrication angles for both the magnetic grain and pore fabrics and the AMS parameters, in general, indicate gentle slope bedding for the Nubia sandstone samples. From the field observations, the Nubia sandstones are mostly horizontally bedded except for Abu Ballas Formation which has gentle tilted-bedding; it has dip angle varies between 5
• and 10
• . On the other side, the petrophysical pore fabric is characterized by very high porosity and permeability values exceeding the Levorsen's ranks (1967) . So, it was better to extend this rank for the present highly porous and permeable sandstone as follows to cover the full range of the measured data. (Modified after Levorsen 1967) In addition, we tend to add another permeability rank more than 1000 mD described for excellent permeable rocks as follows.
Fair : 1 < K ≤ 10 md Good : 10 < K ≤ 100 md Very good : 100 < K ≤ 1000 md Excellent : 1000 < K (new rank) (Modified after Levorsen 1967) Following the present modification, the measured porosity and permeability values indicate very good to excellent storage capacity properties for the Nubia sandstones.
Measuring permeability in three orthogonal directions led to a new concept called petrophysical pore fabric introduced in this study to better approach the pore shape in 3-D. It depends on the anisotropy of pore spaces, which in turn contributed by the pore elongation and foliation.
From this study and following the classification introduced by Nabawy and El-Hariri (2008) to classify the electric fabrics of some sandstone samples from Abu Gharadig basin in Egypt, we tend to introduce a new classification for the petrophysical pore fabric parameters (Table 4) .
From this classification, the petrophysical pore fabric of the present sandstones are characterized by slight pore elongation, foliation and anisotropy for Adindan samples; slight pore elongation, moderate pore foliation and slight anisotropy for Abu Simbil and Abu Ballas samples; and moderate to high pore elongation, foliation and anisotropy for Kesieba samples. Some high to very high values have been detected for some samples, for example, Am 6, Abs 6 and Ks 3.
The cyclic behaviour of porosity and permeability between formations may be attributed to the fluvial depositional nature of the present rock. In addition, since, the Nubia sandstones are petrographically similar and devoid of macro and micro fauna, therefore, increasing the pore anisotropy at some levels could be attributed to some structural events rather than biological effects.
A comparison between Figs 11 and 15 indicates that increasing pore anisotropy is accompanied with decreasing measured permeability values, that is, the less the anisotropic pore shape, the higher the permeability values. Since the samples used for measuring permeability were cored in the main directions revealed from the magnetic pore studies, therefore it was expected to relate the anisotropy of both the magnetic and petrophysical pore fabrics as shown in Fig. 19 . The magnetic pore foliation could also be related to the petrophysical pore foliation as shown in Fig. 20 , whereas no Notes: K V is the measured petrophysical permeability of the studied samples cored in a direction perpendicular to the bedding plane, K NE for samples cored parallel to the bedding plane in the NE direction, K NW for samples cored parallel to the bedding plane in the NW direction, and K b is the average permeability. For the anisotropy parameters; E pet , is the petrophysical pore elongation; F pet , the pore foliation and λ pet , is the petrophysical anisotropy of pore spaces. relationship between the magnetic pore lineation and the petrophysical pore elongation was observed (r = ±0.15).
λ pet = 3141P 2 mag − 6422P mag + 3284 (r = ±0.58) F pet = 9674F 2 mag − 19734F mag + 10065 (r = ±0.63). This could be explained by that both the magnetic and petrophysical foliations are the main contributors to the anisotropy values for both the magnetic and petrophysical fabrics. Moreover, the petrophysical pore elongation is mainly raised from the maximum permeability values, which sometimes are in a vertical direction due to the presence of some vertical fracture porosity. These fractures seem to be of micro size and not accessible to the injected ferrofluid (injected at Figure 19 . Plot of anisotropy of the petrophysical pore fabric (λ pet ) against the anisotropy of the magnetic pore fabric (P mag ). low pressure) which have relatively higher molecular size than that of the nitrogen molecules used for the permeability measurements at higher pressures.
An overall coincidence between the petrophysical and magnetic pore fabrics is established. Petrophysical and magnetic pore fabrics of Adindan and Kesieba formations refer mostly to palaeocurrents flowed to the NNW direction, whereas refer to the NE for Abu Simbil samples. On the other side, pore fabrics of the Abu Ballas Formation seem to be structurally controlled, where the petrophysical pore fabric refers to pore elongation in the vertical direction as a main flow direction, whereas the magnetic pore fabrics refer to E-W direction.
The present flow directions have been proposed by Salem and Pallas (2001) who studied the sedimentological and hydrogeological system in the Nubia aquifer system and concluded that migration of the underground water is mainly directed to the NNW and NNE (Fig. 21) . In addition, Kim et al. (2000) showed that, the groundwater in Tushka area between Lake Nasr and Darb El Arbein way (100-300 km, away from the Lake) flowing from SW to NE. Overall, the magnetic pore fabric method gives a reasonable estimate of the 3-D macrovoid anisotropy, but is considerably less effective in estimating the micro void anisotropy for which the permeability method is a better approach.
C O N C L U S I O N S
Petrographically, the Nubia sandstones in Tushka area are represented by quartz arenite composed of dissolved quartz grains cemented together by silica cement, which have suffered a long arid diagenetic history. Porosity of Nubia sandstones is very good to excellent. It varies between 20 and 35 per cent in the horizontal direction and between 15 and 25 per cent in the vertical direction indicating inhomogeneity in the distribution of the pore spaces.
Petrophysically, porosity values of the Nubia sandstones were measured by helium and ferrofluid injection. Values of ferrofluid porosity are always less than that of the helium porosity, due to the presence of some micro pore spaces could not be accessed by ferrofluid injection at low pressures.
The Nubia sandstones are characterized by very good to excellent permeability values which could be related to the helium porosity and weakly related to the ferrofluid porosity due to the presence of some micro pore spaces.
Anisotropy of pore spaces has been detected by measuring anisotropy of permeability (petrophysical pore fabric) and anisotropy of pore AMS in 3-D (magnetic pore fabric).
Magnetic pore data of Adindan and Kesieba formations refers to a pore elongation in the NNW-SSE direction, Abu Simbil Formation refers to the NE-SW, whereas directions of Ballas Formation follow the main fault trend in the study area, the E-W direction. The pore elongations are on average nearly perpendicular to the grain elongation directions.
The petrophysical pore fabric of the present sandstones have weak pore elongation, foliation and anisotropy for Adindan Formation and increases in intensity upwards into moderate to high pore elongation, foliation and anisotropy for Kesieba samples. The higher the permeability values, the lower the pore anisotropy values. The petrophysical pore fabric and both the magnetic fabrics are mainly planar.
The petrophysical pore fabrics of Adindan and Kesieba samples refer to pore spaces elongated in the NW-SE direction, and to the NE-SW direction for Abu Simbil samples, whereas the Abu Ballas samples mostly have maximum permeability in the vertical direction due to presence of some permeable fracture pore spaces.
In general, we find that the principal magnetic pore anisotropy directions coincide with the principal petrophysical pore anisotropy directions of the overall samples except for those from Abu Ballas Formation.
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